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The experimental study of electroconvection in a homeotropically aligned nematic ~MBBA! is reported. The
system undergoes a supercritical bifurcation ‘‘rest state-spatiotemporal chaos.’’ The chaos is caused by long-
wavelength modulation of the orientation of convective rolls. For the first time the observations both below and
beyond the Lifshitz point are accompanied by quantitative analysis of temporal autocorrelation functions of
turbulent modes. The dependence of the correlation time on the control parameter is obtained. A secondary
bifurcation from normal to abnormal rolls is discussed. @S1063-651X~97!51412-7#
PACS number~s!: 47.27.Cn, 47.52.1j, 47.65.1a, 61.30.GdBeing a rich pattern-forming system, ac-driven electrohy-
drodynamic convection ~EHC! in a nematic layer attracts a
good deal of attention of both theoreticians and experimen-
talists @1,2#. The system consists of a thin layer of a nematic
liquid crystal sandwiched between two parallel electrodes.
The convection occurs when the applied to the layer ac volt-
age V exceeds a certain threshold Vc @3#. There are two
conventional realizations of EHC, namely planar, where the
director n lies in plane of the electrodes (x-y plane!, and
homeotropic, where the director is perpendicular to the elec-
trodes. It is clear that in the planar alignment the nonconvec-
tive state is anisotropic in the x-y plane, contrary to the
homeotropic geometry, where spatially uniform distribution
of the director parallel to the z axis yields isotropy in the x-y
plane.
In EHC most attention has been paid to the planar orien-
tation; the homeotropic alignment has not been studied in
detail yet. Meanwhile, in the homeotropic case EHC insta-
bility is usually preceded by Fre´edericksz transition: beyond
a certain threshold voltage VF the director tilts with respect
to the z axis @3#. Thus, at V.VF the director has a nonzero
projection on the x-y plane (ni), which therefore brings
about spontaneous breaking of isotropy in this plane. Since
orientation of ni is not imposed by any external factor, the
system is degenerate with respect to arbitrary rotations in the
x-y plane. In other words, at the threshold of homeotropic
EHC the system has additional ~compared to the planar
alignment! continuous one-parameter group of symmetry,
which provides grounds for qualitatively different dynamics.
Theoretical analysis of pattern formation at small values
of the normalized control parameter @«[(V22Vc2)/Vc2!1]
shows that planar and homeotropic EHC do differ dramati-
cally @4,5#. In particular, in the planar case at small « one can
have steady stable normal rolls ~the pattern’s wave vector k
is parallel to undistorted n! at the frequency of the applied
ac-voltage f lying beyond the so-called Lifshitz point ~LP!,
and oblique rolls ~a certain finite angle between k and n!
below LP @1,2#.
Contrary to this, in the homeotropic case while beyond LP
the governing equations also have steady solutions of the561063-651X/97/56~6!/6256~4!/$10.00normal-roll type; all of them are unstable under very general
conditions @5#. The instability occurs due to coupling of the
roll-pattern with a band of slowly evolving long-wavelength
modes originated in the degeneracy of the system. The situ-
ation is similar to that discussed earlier for the ‘‘free-slip’’
convection @6#, or in more general terms in Refs. @7,8#. Be-
low LP any steady oblique-roll solution merely does not ex-
ist, since the torque on ni exited for the oblique rolls cannot
be compensated @5#. These peculiarities of the problem make
it reasonable to expect the system to undergo direct transition
from the nonconvective state to spatiotemporal chaos ~STC!
@5,9–12#.
Note, STC at onset ~or close to onset! of the very first
hydrodynamic motion was known before, e.g., in systems
undergoing Hopf bifurcation supplemented with the
Benjamin-Feir destabilization @2#, or in Rayleigh-Be´nard
convection in a rotating container @2,13# ~see also Refs. @14–
16# for more recent results!. In all these cases STC is asso-
ciated with destabilization of a pattern by short-wavelength
modes whose wave numbers are close to that for the pattern
itself. In contrast STC at onset of homeotropic EHC is
caused by continuous long-wavelength modulation of the ori-
entation of convective rolls ~see below!, which makes it
qualitatively different from the above-mentioned examples.
Computer simulations of dynamics of the homeotropic
EHC at onset indicate exponential decay of temporal auto-
correlation functions with the correlation time t scaled as
«21 both below and beyond LP @5#. The same dependence
t(«) is obtained in the sophisticated study of direct transition
to STC governed by a generalized one-dimensional Burgers
equation with short-wavelength instability and slow long-
wavelength dynamics presented in Refs. @7#, and probably is
the generic feature of STC arising from a trivial ~spatially
uniform! state as a result of a single supercritical bifurcation.
It should be emphasized that while in the Ginzburg-
Landau equation, which describes pattern formation, e.g., in
planar EHC, dependence t}«21 follows from trivial rescal-
ing of the variables, which reduces the problem to an «-free
form, it is not the case in both the above-mentioned ex-
amples @5,7,8#. In these problems « cannot be scale out en-R6256 © 1997 The American Physical Society
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@17#. It makes the law t}«21 much less obvious.
Supercriticality of the bifurcation accompanied with di-
vergence of the correlation time at «50 allows one to merge
the STC with the trivial state both by vanishing amplitudes
of the turbulent modes and by slowing down their temporal
evolution. Since the mentioned properties of transition to
STC in the homeotropic EHC resemble those well-known for
the so-called soft modes in kinetics of second-order phase
transitions, it motivates us to name the phenomenon soft-
mode turbulence ~SMT!.
We use the nematic liquid crystal p-methoxybenzilidene-
p8-n-butylaniline ~MBBA!, which is filled between two par-
allel glass plates whose surfaces are coated with transparent
electrodes, indium tin oxide ~ITO!. The space between the
glass plates is maintained with polymer spacers of 50 mm
and the lateral size of the space is of 131 cm2. Thus, the
aspect ratio of the convective system in the present study is
200. In order to realize homeotropic alignment surfaces of
the glass plates are treated by a surfactant (n-n8-dimethyl-
n-octadecyl-3-aminopropyl-trimethoxy silyl chloride:
DMOAP!. When a constant magnetic field is applied parallel
to the glass plate, the threshold for magnetically induced
Fre´edericksz transition is HF51100 G. The threshold value
for electrically induced Fre´edericksz transition is VF53.92
V independently of the applied frequency ~up to 5 kHz!. The
conductivities of the MBBA are s i53.3031027 V21/m
and s'52.3431027 V21/m, respectively @controlled by
0.012 wt%-doping of tetra-n-butyle-ammonium bromide
~TBAB!#. The critical frequency f c of the applied electric
field is about 2.6 kHz. The dielectric constants are e i54.21
and e'54.70, i.e., ea520.49. The temperature is con-
trolled at 3060.02 °C with a control stage and a double-wall
copper cavity. An ac-voltage is applied to the sample em-
ploying an electronic synthesizer controlled by a computer.
SMT is observed at different frequencies of the applied volt-
age ( f 5100, 500, 1000, 1500, and 2000 Hz!. All images are
taken by a charge coupled device ~CCD! camera and stored
onto a magnetic tape as well as a magnetic disk for later
analysis by a computer. The software used for image analysis
is the NIH-image.
The experimental procedure is as follows. First, V is
raised at once from zero to a certain V1 from the range VF
,V1,Vc to generate Fre´edericksz transition in the noncon-
vective state. This voltage is fixed for 50–60 min until the
nematic reaches the equilibrium Fre´edericksz distortion.
Then the voltage is raised again to a desired value V5V2
.Vc to trigger convective dynamics. The images are taken
during the first 5 min after the voltage jump from V1 to V2 in
order to study transition from the nonconvective state to
SMT and then, after a 50–60 minute pause, to study the
asymptotic state of the system. After removal of the applied
voltage we also wait for 50–60 min to erase ‘‘memories’’ of
the previous experiment before the beginning of a next set of
observations, i.e., each time the system is perfectly reseted.
In works @10# the chaotic states close to onset below and
beyond LP may be locally regarded as distorted oblique and
normal rolls, respectively. In our experiments, it is true only
for transient patterns observed just after the voltage jump
from V1,Vc to V2.Vc , see the first snapshots in Fig. 1.
These patterns are associated with growth of unstable short-wavelength perturbations undergoing in the initial, practi-
cally, spatially uniform azimuthal distribution of ni . How-
ever, later the transient patterns are always destroyed by
growth of slowly evolving long-wavelength perturbations. It
gives rise to the transition of the system to asymptotical
states, which in all the examined cases are quite different
from both oblique- and normal-roll patterns; see Fig. 1.
Two important qualitative results obtained in the experi-
ments are as follows. First, while transient patterns may in
addition to short-range ordering exhibit also long-range one
~normal- or oblique-roll type, depending on the frequency!
imposed by the initial conditions, the asymptotic states of the
system are always long-range disordered; only short-range
roll-like ordering remains ~see Fig. 1!. Second, the
asymptotic states are always ~i.e., below LP as well as be-
yond it! dynamical: the corresponding patterns slowly evolve
in time without any tendency to reach a steady state. We
emphasize both the results ~viz., the long-range disorder of
the asymptotics states and their unsteadiness! are valid at all
the above-mentioned values of f and at any, even the small-
est examined values of « ~less than 1022) @18#. The long-
range disorder of the asymptotic states is associated with
variation of the azimuthal orientation of the local wave vec-
tor of rolls. The variations occurs through the whole 2p
angle without any preferable direction in the x-y plane; see
the last snapshots in Fig. 1. It results in spatial isotropy of
the observed STC ~see also the spatial spectrum of the SMT
presented in Fig. 3, Ref.@12#!.
FIG. 1. Transition to soft-mode turbulence in homeotropic EHC
below the Lifshitz point @~a! f 5100 Hz, «50.10] and beyond it
@~b! f 52000 Hz, «50.10]; snapshots of patterns in successive mo-
ments of time ~indicated below the images! after the voltage jump
from V1,Vc to V2.Vc .
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lifts the degeneracy of the system in this plane and hence has
to stabilize both normal and oblique rolls @4,5#, so that the
corresponding long-range ordering has to be restored. The
stabilization is indeed observed in our experiments in agree-
ment with earlier publications @10–12#. The effect is revers-
ible with respect to the magnetic field, as soon as it is re-
moved the system returns to the STC, which also agrees with
the results of Refs. @10,11#.
An important statistical characteristic of any random pro-
cess is its autocorrelation function f(t). In our experiments
the autocorrelation functions are obtained for the asymptotic
states of the system at H50 and two different values of the
frequency, namely f 5500 Hz ~below LP! with the corre-
sponding Vc equals 8.34 V and f 52000 Hz ~above LP!,
Vc512.43 V @19#. The value of V1 is fixed at 6.00 V. Re-
garding V2 , it was different in different experiments in order
to obtain « dependence of the autocorrelation functions. The
following technique is employed. First, in the recorded two-
dimensional snapshots the same arbitrary line, defined as x
axis, whose particular orientation is no matter due to the
mentioned isotropy of the STC, is selected. Then, the images
of this line are digitized to one-dimensional profiles of the
intensity of 512 pixels with the brightness of 256 gray val-
ues, and the 256 one-dimensional profiles are sampled at 1.0
s and placed from the top to the bottom in a chronological
order @20#. Next, for all the spatial points x from the spa-
tiotemporal images the local temporal autocorrelation func-
tions fx(t) are computed by averaging of the corresponding
expression over the total observation time T . Finally, to
smoothen random errors caused by finiteness of T , the ob-
tained set of functions fx(t) is averaged over x , and the
result is regarded as the true autocorrelation functions f(t).
All the obtained autocorrelation functions fall off rapidly to
zero, which is typical of a developed chaotic regime. The
decay goes faster with increase of « . To describe the effect
quantitatively we introduce a correlation time t , fitting the
true autocorrelation functions by the least squares method to
the function f(t)5f(0)exp(2t/t). Here f(0) is taken from
the measurements and t is the only fitting parameter. Valid-
ity of the approximation is checked by comparison of the
Fourier transform of f(t) with the power spectrum of the
brightness, connected to each other by the Wiener-Khinchin
theorem. The obtained dependence t(«) is presented in Fig.
2. In agreement with the theory @5,7,11# the experimental
dots both below and beyond LP fit at small « the law 1/t
}« . However, there is an important difference between the
dependence t(«) below and beyond LP. At f 5500 Hz ~be-
low LP! the slope of the straight line 1/t(«) equals 0.61
60.01 s21 and remains the same at any examined values of
« (0.0254,«,0.8059). At f 52000 Hz ~beyond LP! theslope is 0.1460.01 s21 at «,0.08. Then it increases
abruptly to the value 0.6860.01 s21, i.e., becomes close to
that below LP; cf. Figs. 2~a! and 2~b!.
To understand this peculiarity of SMT we conduct obser-
vations in a polarized light of steady roll patterns stabilized
beyond LP by a magnetic field (H52000 G!. The observa-
tions show that at «50.1 the system undergoes transition
from normal to abnormal rolls. In the abnormal-roll regime
ni is advanced a certain finite angle 6wa with respect to the
roll’s wave vector k, and rolls with the deviation 1wa and
2wa are situated spatially periodically ~along the direction
parallel to k!. It may be supposed that at H50 analogous
transition occurs at «50.08. The transion affects mutual ori-
entation of local values of ni and k. If it is the case, trans-
versal orientation of these two vectors results in an additional
destabilizing mechanism caused by an uncompensated
torque on ni in the same manner as that below LP. The latter
makes the dynamics beyond and below LP similar to each
other at «.0.08.
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@17# For homeotropic EHC it is clear already from the fact that the
angular variable w , which describes the azimuthal orientation
of ni , should be 2p-periodic. In this case even if a certain
scale transformation affecting among other variables w , such
as, e.g., w!w/A« , could eliminate « from the governing
equations, the periodicity condition for the rescaled w occurs «
dependent, so « still enters the problem explicitly @5#.
@18# Contrary to our results, spatially chaotic patterns observed by
the authors in Refs. @10# beyond LP were identified as steady.
The discrepancy may be caused by a variety of reasons, e.g.,
by the difference in values of material constants of the
samples.
@19# In our experiments LP corresponds to f '1.6 kHz. Due to
similarity between asymptotic-state patterns below and beyond
LP, its identification requires a special technique whose details
will be reported elsewhere.
@20# The actual sampling rate is 0.1 s. However, comparison of
correlation times obtained at different rates shows that change
of the rate from 0.1 to 1.0 s, practically, does not affect the
value of the correlation time, especially at the most interesting
range of small « . It allows us to employ for the statistical
treatment only every 10 successive image of the line.
